Brushless Direct Current (BLDC) motors are the type of Permanent Magnet Synchronous Motors (PMSMs) with trapezoidal back-EMF. Due to high proliferation of BLDC motors in industrial applications, these motors are extensively been operated for longer durations. During the continuous heavy operation, these motors are subjected to environmental, physical and thermal stresses which can lead to faults. Fault can be on the stator windings or on the Permanent Magnets (PMs) of the rotor of a machine, which can manifest into electrical quantities like currents and/or voltages, magnetic quantities like flux density and thermal characteristics of a machine. This paper shall explore in detail about the demagnetization fault in PMs of a BLDC motor. Modeling of a machine can be done through different available techniques such as Electrical Equivalent Circuit (EEC) based method or analytical method which accounts several assumptions in order to simplify the analysis. While the Numerical Methods (NM) such as Finite Element Method Magnetics (FEMM) gives more authoritative solutions. This paper aims to combine both these approaches and contribute by developing a novel Hybrid EEC-FEMM model for a closed loop BLDC motor drive using a Hysteresis Current Control (HCC) technique. The developed model is simulated both under healthy and faulty conditions. In order to simulate the effects of fault in the machine, demagnetization is introduced in the PM through various methods like change in magnetic coercivity, placement of broken magnets, partial demagnetization and lastly by replacement of a PM with a non-magnetic material which is an extreme case of demagnetization. The investigation on the machine performance through change in quantities like stator current, back-EMF, electromagnetic torque, mechanical speed and magnetic flux density is analyzed. Further using the Maxwell 2D tool, a Finite Element (FE) model of a BLDC motor is developed and its performance is examined under both healthy and demagnetization fault conditions. The experimental validation of demagnetization fault supports the inferences drawn from the simulation results.
I. INTRODUCTION
Brushless Direct Current (BLDC) motor is a Permanent Magnet (PM) motor with PMs on the rotor and three phase windings on the stator. BLDC Motor is categorized as a trapezoidal or square-wave motor since the back emf induced in the stator The associate editor coordinating the review of this manuscript and approving it for publication was Xue Zhou . windings is of trapezoidal shape, in contrast to the Permanent Magnet Synchronous Motors (PMSMs) which has sinusoidal back emf waveform [1] . Also, in the BLDC motor the phases are supplied with the quasi-square current while the PMSM requires sinusoidal phase currents for excitation. The back emf shape is determined by the shape of the rotor magnets and the stator winding distribution. The rotor configuration can be an inner rotor or outer rotor type. BLDC motors are widely used in various industrial applications due to their compactness, high efficiency, high torque density and high dynamic performance [2] . During the unfavorable environmental conditions, motors are subjected to physical and thermal stresses which results in fault [3] . The authors of this paper have earlier in paper [4] have classified the faults related to PM motors and further given an inference about the methods which are preferable for different types of fault conditions. Faults in BLDC motors are usually stator related faults which constrict to winding faults, while rotor related faults curtail to demagnetization or decrepit of PMs of the machine [5] . J. Faiz et al. in paper [6] gives the overall review of the demagnetization fault indices in PM related motors. The analytical modeling of faults is the prior requisite before proceeding on high computation and accuracy using numerical approach. S. Baldursson in [7] describes the detailed mathematical modeling of a BLDC motor in SIMULINK. Similarly, in [8] , [9] the authors uses the advanced analytical techniques to model the fault in BLDC motor taking into consideration the assumptions earlier ignored during the mathematical modeling approach. In contrast, Sheikh-Ghalavand et.al, in [10] uses the Magnetic Equivalent Circuit (MEC) based technique for modeling, which is more accurate than the analytical approach. Similar work has been done by T.J.E Miller in [11] for modeling of fault using MMF diagrams, which again requires MEC based techniques. As already discussed by the authors in [4] , the Numerical Methods (NMs) require high computation time but gives more accurate results than EEC and MEC based methods, these methods are therefore pervasive in industry in the field of fault diagnosis [12] .
As reported in literature [13] - [15] , the demagnetization fault in PM motors is predominantly modeled and diagnosed using NMs. The author in [13] detects and diagnose the demagnetization fault with the change in magnetic flux density using numerical approach. Bilal Akin et. al, in [14] , [15] has modeled the broken magnet demagnetization fault using MEC and NM based methods and further validates it experimentally. Authors in [16] , [17] has analyzed the irreversible demagnetization fault in BLDC motor with an effect of Stator Inter-turn Fault (SITF) coupling. Similar work has been done by J. Urresty in [18] who has diagnosed the demagnetization effect with a zero-sequence voltage and current signatures. The authors in [19] , [20] has proposed some techniques for a fault tolerant system in case of demagnetization fault. A recent publication of B. Akin et.al, in [21] discusses about the SITF fault severity for a PMSM considering residual voltages and current.
Since exclusively either an analytical (EEC) or numerical (NM) based approach has been adopted till now for the fault investigation in machine, this paper shall have a novel contribution in the development of a Hybrid Analytical-Numerical Approach based fault model of a machine. The current research work shall focus on the demagnetization fault in the BLDC motor, therefore the discussion shall be made on this type of fault only. The performance of the machine is inspected for both the modeling techniques and significant deductions has been inferred. Further, the experimental investigation carried out for demagnetization fault supports the inferences drawn from the simulation results.
The organization of paper is as follows. Firstly, section-II shall elaborate on the analytical (EEC) modeling of a BLDC motor with an attribution of an ideal back-EMF. Section-III shall discuss the development of a Finite Element (FE) model of a BLDC motor with the emulation of demagnetization faults. Section-IV shall use the developed EEC model to emulate the FEMM results thereby developing the Hybrid (EEC-FEMM) BLDC motor model. Finally, section-V, presents the validation of the experimental and simulation results for the demagnetization faults in the BLDC motor.
II. ANALYTICAL (EEC) MODEL OF A BLDC MOTOR
This part of paper shall elaborate on the analytical (EEC) modeling of a BLDC motor with an attribution of an ideal back-EMF. Subsequently, demagnetization fault modeling approach is also presented.
The modeling equations used for developing an ideal BLDC motor can be referred from [1] - [3] . However, the voltage equations and ideal back-EMF shaping function which are relevant for the modeling are given from (1)- (6) .
where, v a , v b , v c are the phase voltages, i a , i b , i c are the phase current, λ PM is the flux linkage of a PM for respective phases
e a , e b , e c are the back-EMFs due to PMs given by
where θ e is an electrical angle of rotor, ω m is the mechanical speed and F(θ e ) is a back-EMF reference function as given in (6) . The parameters of BLDC motor, which is available in laboratory, are given in Table- 1 that are further substituted in modeling equations to examine the ideal BLDC motor performance. The closed loop BLDC motor drive is shown through an equivalent block diagram as given in Fig. 1 . Every block has been modeled analytically. The BLDC motor is fed from a three-phase Voltage Source Inverter (VSI) which gets the input pulses from a Hysteresis Current Controller (HCC). In this analysis, the back-EMF generated by PMs are accounted as the only back-EMF of the BLDC motor drive. The back-EMF developed due to the three-phase stator winding currents and the effect of slots are currently ignored in the analytical simulation. The back-EMFs of the PM are modeled as a complete ideal trapezoidal shaping function (without any slotting effects) which is given from (6) . The performance of the machine is then analyzed as discussed. For the rated machine of 600W having the V dc as 24V, the back-EMF accounted for 50 rad/sec speed is 1.8V as sown in Fig. 2 which is a desired value. The ideal trapezoidal shape of back-EMF is notable. The phase current is found to be 8.4 ampere which approximately matches with the reference current including the inductance effect as shown in Fig. 3 . A 120-degree conduction mode is incorporated for the inverter operation of a BLDC motor drive. At any instant only two switches are conducting having one phase completely switched off as examined in Fig. 4 . The inverter outputs are given as an input three-phase voltages to the BLDC motor drive which operates the machine at the desired speed, in this case 50 rad/sec as shown in Fig. 5 , generating respective torque of 0.6 N-m as shown in Fig.6 , for a constant power operation. The HCC is given a tolerance band of ±0.01.
A. DEMAGNETIZATION FAULT MODELING
Since the back-EMF generated only by the PMs are taken into consideration, the mathematical definition can thus be given from (7) .
= ω m dϕ a dθ r (7) where ea is the back-EMF of phase A or the voltage induced in the stator coil, ϕ a stator flux linkage in phase-A winding, θ r is the angular displacement or rotor position and ω m is the mechanical speed respectively. According to (7) any changes on the rotor magnets (PMs) are reflected to the back-EMF which makes this factor an ideal index to analyze rotor related faults. As the authors have discussed earlier in [22] regarding the direct relation of change in magnetic quantity of a PM to that of magnetic flux density (B M ) and further onto the back-EMF (E B ) produced by the PM in a BLDC motor, this can once again be well validated from (8)- (9) .
where magnet's mmf is given as H c l m , which is equal to the product of magnetic flux intensity (H c ) and mean flux path l m , φ M is the magnetic flux against the reluctance offered by the magnet given as R M 0 and airgap, reluctance is denoted as R g . The Magnetic Equivalent Circuit (MEC) for the analysis of flux and flux density has been elaborated in detail by the authors in [22] . Thus, in this research study, the analysis on the back-EMF and magnetic flux density B M characteristic, shall be taken as the investigatory signatures for the detection and diagnosis of demagnetization faults in BLDC motor. Back-EMF estimation is made either directly from the analytical modeling or through magnetic flux density (B M ) plots obtained from Numerical Methods (NMs). Moreover, demagnetization faults excite harmonics at multiples of mechanical frequency in the stator back-EMF and current spectrum [19] as given in (10) .
where f f is the frequency of k th component in the spectrum, f s is electrical frequency and f m is the rotational frequency while p is the number of poles. The harmonic analysis is the ongoing work and shall be presented in authors' subsequent work. Currently it lies beyond the scope of this paper.
III. FINITE ELEMENT (FE) MODELING OF A BLDC MOTOR
In this section, the demagnetization effect due to PMs in a BLDC motor is modeled using NMs like ANSYS TM Maxwell 2D Finite Element (FE) modeling tool. The Maxwell 2D model of a BLDC motor is first developed using the actual machine parameters as listed in Tables 1. The outer rotor BLDC motor has been used for our investigation. The 18-slot stator is shown in Fig. 7 . (a) having three phase windings, while the 16-pole outer rotor having one of the broken PMs is shown in Fig. 7. (b) . The machine parameters used here shall remain the same for the hybrid analytical-numerical modeling as will be discussed in the subsequent section. The developed FE model for a BLDC motor is simulated for t = 0.12 sec, giving the step size = 0.001 sec with a mesh size to be of 18.52 mm limiting maximum mesh elements to 1000. The computational time for the aforementioned time setup was very high. It took almost 10 hours for the complete simulation of the BLDC drive. An external current excitation of 8.4 A is given with a square wave characteristic. The meshed magnetic field model of a BLDC motor which is operated for a reference speed of N = 3000 RPM, is given in Fig. 8 . The external phase current of 8.4 A is shown in Fig. 9 . The back-EMF, electromagnetic torque and magnetic flux density obtained have the effect of slotting as can be noticed from the plots from Figs. 9-11. For all the models, a 120-degree conduction is adopted for the BLDC motor drive operation and thus the same is validated in Fig. 9 . The motor performance characteristics shown is more realistic due to the accountability of the complete machine geometry inclusive of slotting effects and material properties. The high torque ripples in Fig. 10 is due to the slotting effect taken into consideration, which makes the profile not steady and smooth. The magnetic flux density (B M ) as measured in the airgap of the machine, shown in Fig. 11 , is found to be 0.3T. The accountability of slotting effects can also be seen clearly in the B M plot. The computational time taken by the FE analysis is very high in contrast to the EEC based approach which takes some seconds/minutes to complete one simulation. The high computational time in FE analysis is due to the accountability of every finite element in the design model, giving better accuracy. The EEC based approach though takes less computational time than NMs, compromises with accuracy of the system undertaking many assumptions.
A. DEMAGNETIZATION FAULT MODELING
The FE modeling of demagnetization effect is done through uniform demagnetization (by changing the coercivity Hc value) of the poles, secondly by placing the broken rotor PMs and lastly the extreme case of demagnetization where a PM is replaced by a non-magnetic material, which has also been discussed in the earlier modeling techniques. Table 2 shows the demagnetized parameters adopted in our study.
The uniform demagnetization is brought by changing the magnetic coercivity of one of the poles as shown in Fig. 12 . Around 30% demagnetization is introduced by changing the original H C value and the corresponding change in the B M is observed. The faulty B M as seen from plot in Fig. 13 is found to be 0.21T which is 30% of the healthy value (0.3T) as expected. The authors have also validated the similar response for the PMDC motors in [22] .
Similarly, the effect of demagnetization caused due to the placement of broken PM has been shown in plot thereby distinguishing itself from that of the uniform demagnetization fault.
Subsequently, a distinct observation examined for the B M tending towards zero in Fig. 16 affirms the corresponding pole's magnetization factor (H c ) to be zero. This characteristic response signifies the complete demagnetization of the pole and therefore validates our study for the extreme case of demagnetization in a BLDC motor. The H c values goes zero or analogously it can be considered as a non-magnetic pole.
The change in other electromagnetic properties like decrease in back-EMF value and high torque pulsations are observed in Fig. 17 and Fig. 18 respectively, thereby validating the effect of demagnetization in the machine. 
IV. HYBRID (EEC-FEMM) MODEL FOR A BLDC MOTOR
This part of paper shall elaborate on the hybrid (EEC-FEMM) modeling of a BLDC motor which is accomplished by the replacement of an ideal back-EMF profile with the FEMM modeled obtained B M plots. Subsequently demagnetization effect is also modeled using this approach and the results are presented accordingly.
The ideal trapezoidal back-EMF function used in the analytical (EEC) modeling of a BLDC motor is now replaced with the back-EMF profile obtained from the Finite Element (FE) analysis of the machine using open source software tool known as FEMM. The FEMM tool is used in this work primarily because it is an open source software and secondly the magnetostatics solver been used for analysis (in contrary to the transient analysis), analyzes the steady state performance of the machine thereby significantly reducing the computational time during simulation.
Proposed approach of replacing ideal back-EMF profile with the more realistic back-EMF profile obtained from the FE analysis in the analytical model, shows more distinguished results in terms of phase currents, motor back-EMF, electromagnetic torque and mechanical speed; with better accuracy, consuming less computation time. Such observations are unique and are possible only through the hybrid modeling of the machine and not solely on either the analytical (EEC) or FEMM based techniques. This is because through EEC modeling approach, only electrical quantities like phase current, back-emf and torque can be measured (exclusive of any magnetic quantity/property), while through FEMM, only magnetic quantities like magnetic flux density/intensity and flux lines can be investigated. But through the proposed hybrid concept, the electromagnetic quantities can be investigated inclusive of machine geometrical effect like shape of the magnet which alters the ideal trapezoidal shape of the back-EMF to the more realistic non-ideal one as would be discussed ahead.
The FEMM model of a BLDC motor is developed using the parameters as listed in Table-1 [22] affirms the modeling of a back-EMF in an analytical model through FEMM obtained results. The back-EMF constant (K E ) which is calculated as per the machine rating, plays a significant role for getting the machine's desired back-EMF. As given in (5) , K E is multiplied with the obtained B M and the motor's speed to give the required back-EMF. The developed FEMM model is shown in Fig. 19 , which has 16 poles with the corresponding airgap magnetic flux density of B M = 0.28 T as shown in Fig. 20 . The 16 cycles in the plot signifies the number of poles (PMs) in the machine and thus would further aid in this research for identifying and localizing the demagnetization fault. By adjusting the value of K E the actual back-EMF signature of the motor (as validated experimentally in section-V) is obtained. For the current simulation K E = 0.0356 volt/rad/sec. The actual back-EMF for the motor running at the speed of 50 rad/sec is 1.8V which is shown in Fig. 21 . When this back-EMF profile is compared with the ideal-back-EMF as shown earlier in Fig. 2 , the former seems to be non-ideal trapezoidal because of the more realistic response in terms of magnetic flux density (B M ) been taken, which includes the effect of magnet shape. Similarly, the electromagnetic torque as shown in Fig. 22 is not smooth but has torque ripples (which is due to the machine geometry) when compared with the ideal torque in (Fig. 6) .
A. DEMAGNETIZATION FAULT MODELING
Demagnetization fault is modeled by emulating the unfavorable effects in PM like uniform demagnetization of one pole, broken PMs in rotor and extremely demagnetized pole in the rotor of a BLDC motor. Such demagnetization effect as investigated, has the direct adverse impact on the performance on the motor, significantly on the magnetic flux density of the PMs. Therefore, the change in B M is investigated for each of the demagnetization fault conditions. The corresponding plots for B M are further emulated in the Simulink model of a BLDC motor to develop a hybrid model and moreover, investigate the performance of the machine in terms of corresponding change in stator phase currents, back-EMF, mechanical speed and electromagnetic torque. Since the current investigation is concerned only for the steady-state characteristics of the machine, therefore the speed and torque characteristics under the transient-state are not analyzed.
In order to introduce the uniform demagnetization fault in the BLDC motor, one of PM's magnetic coercivity (H c ) value is changed in FEMM model. For an available BLDC motor, the given H c value for the PMs of material NdFeB is 979000 A/m. For introducing coercivity fault, the 6 th pole's H c value is changed by 50 % as shown in Fig. 23 and the new H c reduces to 489500 A/m. Consequently, the back-EMF value also become half of the healthy motor value and is found to be E B = 0.9V as shown in Fig. 24 . For the 6 th pole, at rotor position of θ = 122.5 • to θ = 150 • , there is a fall in back-EMF by 50%. Similarly, when the rotor PMs are broken, a distinct distortion in back-EMF is observed which differentiates both the type of demagnetization fault in BLDC motor. The decrease in B M and the significant reduction in flux lines can be observed from Fig. 25 . The significant change in electrical quantities like back-EMF can be seen from Fig. 26 . The change at the edges (for the 6 th pole) in the back-EMF's half cycle for the corresponding broken pole and the reduction in magnitude for the respective pole, shows the breaking of a PM at edges. At θ = 122.5 • to θ = 150 • , there is a significant change in back-EMF profile of a motor.
Similarly, in extreme case of demagnetization one of the magnetic poles is replaced with the non-magnetic Consequently, there are other electromagnetic quantities been inspected which shows the significant change in the machine performance for demagnetization type of rotor faults. The detrimental rise in phase currents, observed from Fig. 28 is expected, since the machine is operating at the constant power operation and a fall in back-EMF for all the demagnetization fault effects, stimulates the sharp rise in phase currents. The adverse effect in electromagnetic torque and mechanical speed can also be observed from Figs. 29 and 30. The sharp ripples are observed in electromagnetic torque while the unsteadiness in speed along with The performance of the machine investigated under proposed hybrid modeling approach shows more realistic and accurate results than the EEC based modeling technique. The magnetic properties which could not be accounted in the EEC based method due to the limitation of tool, can now be taken into consideration in the hybrid model and hence delivers more accurate response of the machine. The computational time required for the analysis is also less than the computing time taken by NMs like FE analysis (since the hybrid model use MATLAB-SIMULINK tool for modeling and analysis). Thus, one can attain more accurate results with less computational time.
V. EXPERIMENTAL VALIDATION
In order to validate the response of the BLDC machine during demagnetization faults, obtained through the proposed modeling approaches an experimental investigation has been carried out. The testbed for the BLDC motor drive with the emulation of demagnetization fault (broken PMs and uniform demagnetization extending to extreme demagnetization effect) in the motor was set up in the laboratory in order to investigate and examine the performance of the machine during healthy and faulty conditions. The test setup made has been shown in Figs. 7 and 31. The 16 poles, 18 slots machine, same geometry as employed to develop the FE and hybrid model, is used for the experimental work.
The testbed comprises of a Voltage Source Inverter (VSI), PI controller and the digital storage oscilloscope for data acquisition system. The BLDC motor-set has three BLDC motors joined together for convenience to have the healthy and faulty conditions without much of modifications in connection required for each condition. A demagnetization fault has been emulated in the BLDC for broken PMs and uniform demagnetization extending to extreme demagnetization effect motor as shown and discussed before. The BLDC motor drive has a Voltage Source Inverter (VSI) which is fed by a constant DC voltage of 24V. Three-phase AC voltage is given to the BLDC motor terminals using VSI and the speed is controlled through PI controller. The motor under healthy conditions yield the following voltage and current as can be seen from Fig. 32 . For the machine operated at speed of 550 RPM, the expected voltage and currents are observed which are 18V and 8.4A respectively. Once again, the 120-degree conduction is validated from Fig. 33 , which has been discussed earlier ( Fig. 4 and Fig. 9 ).
The expected change in machine performance as per the simulation results were examined. The experimental investigation encountered the adverse effect on the motor performance. From the emergence of noise and the fluctuations in speed, it was noteworthy to consider the change in machine back-EMF (and B M ) which has been the essential signature in this research work for the demagnetization fault detection in the BLDC motor. The observed change in back-EMF Fig. 34 is found to be similar with the response obtained through FE and hybrid model respectively ( Fig. 15 (35) and 26 (36) ). Similarly, for uniform demagnetization extending to zero (extreme demagnetization effect) the experimental results obtained in Fig. 37 are validated with the FE and hybrid-based approach results as obtained in Fig. 13 (38) and 24 & 27 (39) respectively. Thus, validates our investigation of demagnetization fault in BLDC motor using hybrid, FE and experimental analysis.
Moreover, the machine was heated though it was run for the low speed. This is due to the circulation of high currents during the demagnetization faults in order to maintain the constant power operation mode. The same have been validated earlier in simulation analysis. 
VI. CONCLUSION
The comprehensive analysis of demagnetization faults in BLDC motors has been carried out in this paper. A hybrid Analytical-Numerical approach-based technique has been proposed for the modeling of a BLDC motor demagnetization fault effects. Using proposed hybrid modeling technique, the investigation on the performance of the machine is made under both healthy and faulty conditions. The performance characteristics, such as motor back-EMF, phase currents, electromagnetic torque, mechanical speed and magnetic flux density obtained are of significant importance since they illustrate and predicts the behavior of the machine when it actually undergoes through demagnetization fault conditions. Further, the validation of the results using Finite Element Analysis substantiates the significance of hybrid model technique. The idiosyncrasy of possessing less computational time than FE analysis and more accuracy than EEC based technique, makes the hybrid Analytical-Numerical Approach more distinguishing and prominent in the research scope of fault modeling of Brushless PM motors. Further, the experimental investigations have authenticated the results obtained through proposed simulation approaches.
The emulation of Stator Winding Faults in the same machine is an ongoing work which lies within the future scope of this research work. Further, the harmonic analysis and mapping of fault shall be carried out to produce consequential fault identification indices.
